Purpose: Nonablative thermal capsular shrinkage has been developed in an attempt to address the plastic capsule deformation thought to cause increased rates of recurrent instability following arthroscopic stabilization procedures. Although the temperature required to optimize collagen shrinkage is known, a safe depth of thermal penetration, in various locations about the shoulder capsule, has not been defined. The purpose of this study was to measure shoulder capsule thickness by quadrant and circumferentially from the glenoid to the humerus so that thermal energy in shoulder procedures can be more precisely applied to limit possible injury to pericapsular structures. Type of Study: This is an anatomic study using a cadaveric shoulder specimens. Materials and Methods: Soft tissue was dissected from 8 fresh cadaveric shoulders to isolate intact glenohumeral joint capsules. The humeral insertion was released and the capsule was cut into 6 longitudinal quadrants around the glenoid. The capsule specimens were then flash frozen and stored at Ϫ80°C. Quadrant tissue was cut into longitudinal sections 14 to 16 µm wide and stained with hematoxylin and eosin. The specimens were then digitized under a dissecting microscope and measured using computer imaging software at approximately 4-mm intervals. Two-way analysis of variance (ANOVA) was performed on the measurements of the intact capsule specimens 2.5 cm off the glenoid. Humeral insertion data were recorded separately. Results: A total of 248 separate measurements were made throughout the capsule in 8 specimens. Capsular thickness increased from an average of 2.42 mm anteriorly to 2.80 mm in the inferior capsular pouch and again thinned to 2.22 mm posteriorly. Global shoulder capsule thickness ranged from 1.32 to 4.47 mm. When analyzed by position, from glenoid to humerus, a general thinning was noted with a mean thickness of 3.03 mm at the glenoid to 2.17 mm at the humeral insertion. Two-way ANOVA showed a significant thickness variation along the specimen (P Ͻ .05), a nearly significant thickness variation with regard to quadrant (P Ͻ .03), and no significant interaction (P Ͼ .07) when applied to specimen measurements approximately 2.5 cm off the glenoid.
O
perative intervention for recurrent glenohumeral instability has traditionally depended on open procedures for labral repair and capsular shift. Advances in arthroscopic technology allows for these stabilization procedures to be performed with a minimally invasive approach. Initially, the early reports of acceptable results with arthroscopic stabilization techniques led to an increase in their popularity. 1, 2 However, long-term follow-up of these procedures has shown rates of recurrent instability that greatly exceed those reported for open procedures. [3] [4] [5] Plastic deformation of the anterior capsular structures, not well addressed arthroscopically in these series, has been speculated to be the cause of these failures. 6, 7 Nonablative thermal capsuloplasty (capsular shrinkage) proce-dures have been developed to arthroscopically address this issue.
Although the temperature required to optimize collagen shrinkage is known, 8 a paucity of data exist on the effects of the depth of thermal penetration on the capsular healing response. With current technology, there is no method available to measure accurately the amount of thermal energy being transferred to the capsular tissue, and thus the penetration produced by thermal probes is difficult to assess. Hecht et al. 9 showed that the depth of thermal penetration using a radiofrequency probe could be up to 5 mm and was associated with necrosis of surrounding pericapsular tissue. Biomechanically, diminished capsular stiffness occurred after applying nonablative laser energy at a higher energy density. 10 Further, the close proximity of the axillary nerve and other pericapsular structures may increase their risk of thermal injury with full capsular penetration. 11, 12 Without an understanding of the global variations in glenohumeral capsular thickness, it is difficult to define the appropriate depth of thermal penetration required to optimize capsular healing potential in shrinkage procedures. The purpose of this study was to measure variations in shoulder capsular thickness by quadrant from glenoid to humerus.
MATERIALS AND METHODS
Eight fresh cadaveric shoulder joints were used in this study. The average age of the specimens was 77 years (range, 64 to 98 years). Using both sharp and blunt dissection, all specimens were stripped of soft tissue extra-articularly to isolate an intact capsule surrounding an intact glenohumeral joint. The capsule was then released from its humeral insertion and was cut into 6 quadrants at specific locations from the glenoid laterally (Fig 1) . Using a clock face superimposed on the glenoid, the 6 longitudinal quadrants for a right The capsular specimens were mounted on cork, flash frozen in liquid nitrogen-cooled isopentane (Ϫ159°C) and then stored at Ϫ80°C until sectioned for microscopic examination. Each of the 6 capsular specimens from each shoulder were then cut into 5 longitudinal sections, 14 to 16 µm wide, using a microtome (Reichert-Jun, Nusloch, Germany), and stained with hematoxylin and eosin to establish general morphology. The best section was then chosen for digitization. The longitudinal length of the specimen sections was limited by the width of the microtome blade to approximately 2.5 cm laterally off the glenoid. In the longer specimens, separate sectioning and thickness measurements were also performed 3 to 5 mm from the humeral insertion. Therefore, a few shoulders required 2 sections to obtain capsule measurements all the way from glenoid to humerus.
A dissecting microscope was used to capture a video image of each longitudinal specimen for digitization. Capsular thickness was then measured at approximately 4-mm intervals along the quadrant length using computer imaging software. The thickness of specimens was compared as a function of location around the glenoid (quadrant) and their position (glenoid to humerus) using 2-way analysis of variance (ANOVA); the significance level was P ϭ .05.
RESULTS
Gross capsular length ranged from 25 to 45 mm from glenoid to humerus (Fig 2) . A total of 248 separate measurements were made throughout the capsular length in 8 specimens. Occasional capsular deficiency precluded accurate thickness measurements on all specimens at all locations. Six shoulders required separate sectioning, because of their long length, to obtain humeral insertion thickness data.
Capsule thickness ranged from 2.22 Ϯ 0.98 mm to 2.97 Ϯ 1.5 mm by quadrant ( Table 1 ). The thickest quadrant was C (6 o'clock) with a mean thickness of 2.97 Ϯ1.5 mm. The thinnest quadrant was E (9 o'clock) with a mean thickness of 2.22 Ϯ 0.98 mm. A trend in capsular thickening was noted from quadrant A (3 o'clock) with a mean thickness of 2.42 Ϯ 1.05 mm to quadrant C (6 o'clock) with a thickness of 2.97 Ϯ 1.5 mm, and then thinning again to quadrant E (9 o'clock). The capsule at quadrant F was slightly thicker at 2.55 Ϯ 1.05 mm.
When capsular specimens were analyzed by position, from glenoid to humerus, a general thinning was noted with a mean thickness of 3.03 Ϯ 1.22 mm at the glenoid to 2.17 Ϯ 1.30 mm at the humeral insertion (Table 2 ). This trend was consistent in all sections except for B (4 o'clock) where the thickness increased from 2.72 Ϯ 1.14 mm to 3.15 Ϯ 1.21 mm laterally (Table 3) . Two-way ANOVA revealed a significant thickness variation along the specimen (P Ͻ .05), a nearly significant thickness variation with regard to quadrant (P Ͻ .03), and no significant interaction (P Ͼ .7). This analysis was performed only on capsular measurements to approximately 2.5 cm lateral to the glenoid. When the humeral insertion data were included, a significant thickness variation along each specimen was confirmed (P Ͻ .02).
DISCUSSION
Various anatomic aspects of the shoulder capsule have been addressed in the literature. O'Brien et al. 13 reported that the inferior glenohumeral ligament is a complex structure consisting of an anterior band, a posterior band, and a diffuse thickening between the bands termed the axillary pouch. However, they made no reference to specific thickness measurements made in this region. While no attempt was made in the present study to section-specific capsular structures, the thickest capsule was encountered in quadrants B through D (4 o'clock to 8 o'clock), which correlates with the location of the axillary pouch. Capsular thickness then dropped to its thinnest value along quadrant E (9 o'clock) posteriorly. Other studies evaluated capsular thickness. [13] [14] [15] In research performed by Bigliani et al., 14 biomechanical properties of the inferior glenohumeral ligament were studied. In this study, the inferior glenohumeral ligament was divided into 3 anatomic regions: the superior band, the anterior portion of the axillary pouch, and the posterior portion of the pouch. Specimen thickness was then measured using an electro-optical micrometer at 7 locations along the ligament; however, no measurements from glenoid to humerus showing thickness trends were recorded. In another study, Itoi et al. 15 evaluated capsular thickness from midcapsule laterally to the humeral insertion. To ascertain the biomechanical properties of the lateral shoulder capsule, capsular thickness was measured in 4 quadrants; superior (12 o'clock), anterior (3 o'clock), inferior (6 o'clock), and posterior (9 o'clock). They encountered a significant difference in the capsular thickness in 4 different sites. They also found that the thickness of the anterior and superior capsule was greater than that of the posterior capsule. Our data concur with their findings; we found the posterior capsule the thinnest at 9 o'clock (quadrant E) and the thickest at 6 o'clock (quadrant C).
In our study, we were unable to obtain full longitudinal sections in 6 shoulders because of the length restriction of our microtome blade. Our statistical analysis was based only on the intact longitudinal specimens that were measured to approximately 22.5 mm off the glenoid. We then sectioned those longer capsular sections within 3 to 5 mm of their humeral insertions and digitized them to establish the trend of capsular thinning laterally. The capsule thinned significantly from a mean of 3.03 mm at the glenoid to a mean of 2.17 mm at the humerus (P Ͻ .02). Zanotti et al., 12 while studying the anatomic structures at risk during arthroscopic capsular release, found the axillary nerve to be closest to the shoulder capsule, approximately 17 mm lateral to the glenoid, as it coursed inferior to the subscapularis. Because our thickness measurements were obtained at approximately 4-mm intervals, position 4 is the closest measurement we have to this location. The average capsule thickness in the area of the axillary nerve ranged from 2.05 mm (quadrant A) to 3.18 mm (quadrant C) ( Table 3) . These results provide guidelines for a safe depth of penetration when using thermal probes in this area.
This analysis has some shortcomings. Thermal procedures for shoulder capsulorraphy have been described in a younger patient population; our specimens averaged 77 years of age. Other significant studies evaluating aspects of shoulder capsule thickness also used older specimens. 14, 15 While there have been reports on variations in the mechanical properties of the shoulder capsule associated with aging, 16 we are unaware of any published work on possible variations of capsule thickness associated with aging. This may be a topic worth continued research. Further, our specimens required flash freezing techniques in order to be sectioned for digitization, which may have affected the natural thickness. Our measurements differed from those of previous studies from 0.2 to 1.2 mm in different locations around the capsule. 14, 15 Although these differences may be attributed to our freezing of the capsule, they may also be the result of our more accurate computerized measurements.
Shoulder capsular procedures have been described throughout the literature for the treatment of instability. More recently, nonablative thermal capsular shrinkage has been described for the arthroscopic treatment of instability. 17 Our study shows that the thickness of the shoulder capsule globally ranges from 2.22 Ϯ 0.98 mm to 2.97 Ϯ 1.5 mm, with quadrant C being the thickest on average and quadrant E the thinnest (Table  1) . These data may help determine the proper amount of thermal penetration when performing capsular shrinkage procedures. Computer digitization technology was used to measure capsule thickness to establish a platform for further study on the effects of thermal penetration on capsular healing. This study also provides safety guidelines for limits of depth of penetration when using thermal probes about the shoulder capsule.
